Introduction
The increasing demand for raw materials and new biosourced molecules [1, 2] imposes a diversification and an improvement of the valorization of seaweeds [3] . For now representing a phycocolloid market and a human and agri-food market [4] , seaweeds are expanding their field of use on a global scale [5] . This industrial development is encouraged by the great biodiversity and chemodiversity [6] found among marine macroalgae as much as the growing number of scientific publications on their biorefinery [7] [8] [9] [10] . Sargassum muticum (Yendo) Fensholt is a fast growing brown algae that represents an important and non-valorized biomass. Originally from Japan, this algae spread along European Atlantic coasts during the last 40 years [11] . Some other species of Sargassum also constitutes a serious problem in Central America and Antilles. Those characteristics of Sargassum muticum make it a good candidate for investigating the valorization of brown algae. Brown algae (phaeophyceae) contain phlorotannins, polysaccharides (such as alginic acids and sulfated fucans) and pigments (such as the fucoxanthin) that could constitute several bioactive fractions [12, 13] out of the valorization process. Among those molecules, phlorotannins were the primary targets of our study. Phlorotannins are a family of 1 Vandanjon, L., et al.
Abstract
The use of surfactants to improve enzymatic hydrolysis of the macroalgae Sargassum muticum has been investigated. Visible absorption spectroscopy has been used to quantify the solubilization of both polysaccharides and phlorotannins in the hydrolysates.
After total extraction, results showed that Sargassum muticum contained 2.74% (expressed in percent of the dry weight of the algae) of phlorotannins whose 32 % were in the cell wall. This result shows that it is important to access to the parietal phlorotannins. To reach this objective, we chose the enzymatic approach for destructurating the cell wall of the algae. The use of 5% dry weight (DW -5% by weight of hydrolyzed algae) of an enzymatic mix containing a commercial beta-glucanase, a commercial protease and an alginate lyase extracted from Pseudomonas alginovora led after 3 hours of hydrolysis to the solubilization of 2.43% DW polysaccharides and 0.52% DW phlorotannins. The use of 0.5% volume of the surfactant Triton® X-100 with 10% DW of the enzymatic mix has allowed to reaching the value of 2.63% DW of solubilized phlorotannins, that is 96% of the total phenolic content.
The use of non-ionic surfactant, combined to enzymatic hydrolysis, showed an increased efficiency in disrupting cell wall and solubilizing phlorotannins in Sargassum muticum. [14, 15] , anti-oxidation [16] , anti-cancer [17] , anti-HIV [18] and anti-hypertension [19] effects. Phlorotanninsin algal cells can be divided in two separate fractions. The first fraction, often called cytosolic or soluble, is located within vesicles called physodes [20] . The second fraction is constituted by the content of those physodes once it is exuded and becomes a component of the algal cell wall [21] . The aim of this work was then to investigate on an efficient (and eco-friendly as much as possible) process that could extract those two pools of phlorotannins from Sargassum muticum.
Enzyme assisted extraction of metabolites and compounds from seaweeds is a green and accurate approach that can be included in extraction processes in the same way it is used on terrestrial plants [22] . The use of enzymes allows the hydrolysis of specific links in the matrix of polysaccharides of the algal cell wall. Deniaud-Bouët et al [23] Proposed an hypothesis concerning the structure of that matrix. Their work tends to show that phlorotannins once bound to the cell wall, are linked to alginic acid. Moreover, the use of surfactants has already been documented for phlorotannins solubilization in seaweeds [24] and for improving enzymatic reaction like hydrolysis of cellulose [25] . In this study, we focused on trying to hydrolyze the cell wall for solubilizing originally bound phlorotannins. The time of hydrolysis and the enzyme/substrate ratio were the parameters tested along with the use of surfactant to enhance the solubilization of phlorotannins. Finally, we tested the effect of four different surfactants widely used for their properties to help cellular lysis and macromolecules solubilization to determine which one works better with this purpose. Those surfactants are the Sodium Dodecyl Sulfate (SDS), the polysorbate 20 (Tween ® 20) and 80 (Tween ® 80) and the Triton ® X-100.
Materials & Methods

Raw Material
Algae sampling was done in PiriacS/Mer (France), on the zoom site (47° 22'38.0"N 2°33'20.4" W). The algae were harvested in July due to the highest phenolic content of Sargassum muticum in summer [26] .
Pre treatment Process
Unrinsed algae were cleaned of epibiota and macrofauna, vacuum packaged and stored at -80°C before being freeze-dried (in an Edwards ® Super Modulyo) during 72 hours and cryogrinded. A knife mill IKA ® A11 basic was used to obtain the finest powder for the total extraction of phlorotannins.
Biochemical characterization
Mineral content was determined by weighting the remains of 3 freeze-dried samples after incineration at 400°C during 24 hours.
Total sugars extraction was made in alkaline conditions by the Dubois colorimetric method [27] . 1 ml of NaOH 1M was added to 15 mg of dried and grinded algae. The hydrolysis lasted 6 minutes at 90°C, then the tubes were cooled down before the Dubois assay was performed.
The standard range was made with anhydrous D-Glucose (from 0 to 100 μg.mL -1 ). 200 μL of phenol 5% (w:v) was added to 200 μL of standard or diluted sample ; 1 ml of sulfuric acid 97% was added to the mix. The obtained solution was incubated 10 minutes at room temperature, stirred, and then incubated 30 minutes at 30°C. The optical density was measured at 490 nm for each triplicate.
The total nitrogen content was determined by using the Kjeldahl method [28] . The samples were derivatized with the EZ:Fast kit from Phenomenex and analyzed in gas chromatography. The nitrogen to protein conversion factor used was 5.38 according to Lourenço et al [29] . Total phlorotannins extraction was made according to Koivikko et al [30] .The soluble phlorotannins were extracted with 1mL of acetone 70% for 20 mg of freeze dried and grinded algae at 40°C and with constant stirring during 1 hour. This extraction was made 3 times. Samples were centrifuged (5 minutes at 20,000 g) and the pellet was washed during 15 minutes under stirring with Methanol (one time); Water (3 times); Methanol (5 times); Dimethylcarbonate (2 times) and finally with Diethyl ether (2 times). After each washing the sample was centrifuged and the supernatant discarded. After the total washing process the pellet was dried at 60°C during 1 hour and 1 mL of NaOH 1M at 80°C was added to the pellet for the extraction of the insoluble phlorotannins.
The spectrometric determination of phlorotannins was determined by a modified method of Folin-Ciocalteu using phloroglucinol (purchased from Acros Organics) as a standard phenolic compound. 10 μL of Folin-Ciocalteu reagent was added to 20 μL of standard or diluted sample in a 96 wells micro plate; 170 μL of Na 2 CO 3 5% w/v was added to each well. After 10 minutes of incubation at 70°C the absorbance was measured at 750 nm.
The Lipid content was determined by the method of Folch et al [31] . The extraction was made on 1 g of dried algae rehydrated in 4 mL of distilled water or 5 g of fresh algae with 100 mL of chloroform/methanol (50/50) under stirring. Then KCl 0.9% (v/v) was added. After decanting, the organic phase was dried under air flow and the extract obtained was weighted.
Enzymatic hydrolysis
The enzymatic mix used contains one extracted and two commercial enzymes. The commercial enzymes were kindly and was produced from the marine aerobic bacterium Pseudomonas alginovora. All enzymatic hydrolysis were conducted on 1 g of freeze dried and cryogrinded algae under magnetic stirring, in 100 mL of TRIS buffer 0,02M at pH 8 with 0,067 M of MgCl 2 used as a catalytic agent (as recommended in the patent WO1998040511) for the alginate lyase. Unless mentioned otherwise, the operating conditions were: 2% DW of each commercial enzyme, 1 % DW of alginate lyase, 40°C, 3 hours of hydrolysis.
Surfactants
Triton ® X-100 was purchased from Koch-Light laboratories, Tween ® 20 from Laboratoires Humeau, SDS from Fluka Biochemika and Tween ® 80 from Aldrich laboratories. 0.5% (v/v) of surfactant was used in the buffer during the experiment of testing the effect of each surfactant upon the solubilization of the constitutive elements of the algae. During that hydrolysis, 1% DW of each enzyme was used. The structures and properties of the surfactants are detailed in the Table 1 . 
Results
The results are expressed in percent of the dry weight of the algae. As preliminary data, we performed a partial biochemical characterization of our dried samples of Sargassum muticum. Results have shown that the samples contained 33 ± 0.2% ash, 2.86 ± 0.14% lipids and 7.75 ± 0.2% proteins (1.44 ± 0.036% nitrogen). The aminogram showed that half of the amino acids quantified were Glutamic acid (Glu), Alanine (Ala), Aspartic acid (Asp), Leucine (Leu) and Glycine (Gly). After alkaline extraction, the content of total polysaccharides was 6.3 ± 0.4%. The total extraction of phenolic compounds reached 2.74 ± 0.17%. These data have helped us comparing our samples of Sargassum muticum to other biochemical characterizations and to values obtained during the optimization of enzymatic hydrolysis.
The total quantification of phenolic compounds ( Figure 1 ) in Sargassum muticum (sample from July) showed a value of 32% (equal to 0.88 ± 0.05% DW of the total algae sample) for the quantification of insoluble phenolics bound to the cell wall against 68% (1.86 ± 0.12% DW) of soluble phenolics contained in the cytosol. Both the fractions are important, and so the use of enzymes is necessary to solubilize the maximum of phlorotannins.
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Enzymatic Hydrolysis Solubilization of polysaccharides (Figure 2)
The hydrolysis of the cell wall of the algae was monitored by the solubilization of total sugars in the hydrolysate. The percentages were calculated by dividing the sugar content by the total algal dry weight hydrolyzed (1g). After 3 hours of hydrolysis with 5% DW of enzymes (2% Protamex, 2% Ultraflo XL, 1% Alginate lyase) the amount of solubilized sugars (2.43 ± 0.12 %) was not significantly higher than the control (2.28 ± 0.01 %) as shown by the Tukey test. However, the quantity of solubilized sugars depends on the enzyme/substrate ratio with a significant increase between 5% and 10% of enzymes (2.6 ± 0.007 % for 4% Protamex, 4% Ultraflo XL and 2% Alginate lyase). This increase in the solubilization of total sugars in the hydrolysate can be the sign of the enzymatic degradation of the algal cell wall. Then, 0.5 % (v/v) of Triton X-100 was used in the reactor. The presence of surfactant only has not constituted a significant enhancement for the solubilization of total polysaccharides (2.39 ± 0.08 % DW). However, a synergy between the enzymes and the surfactant for the hydrolysis of polysaccharides has been observed with a value of 2.70 ± 0.03 % DW with 5% of enzymes (vs. 2.43 % without surfactant), and a value of 3.04 ± 0.03% DW with 10% of enzymes (vs. 2.6% without surfactant). This increased efficiency has seemed to be also dependent from the time of hydrolysis (3.49 ± 0.05% DW with 6 hours of hydrolysis), whereas this time dependent solubilization of neutral sugars is not observed in the control hydrolysis (without any enzyme) where the quantity of solubilized sugars reaches a limit before 3 hours of maceration. (Figure 3) The observations for the solubilization of phlorotannins are quite different. The solubilization of phlorotannins by enzymatic hydrolysis is not significantly different with 5% of enzymes (0.52 ± 0.09 %) or even 10% of enzymes (0.6 ± 0.09%) from the control (0.44 ± 0.02%). Then, we tried to use surfactant to observe its effect on both the degradation of the cell wall and the solubilization of phlorotannins. The value of solubilized phlorotannins with 0.5% (v/v) of Triton X-100 without enzyme is already significantly higher (1.22 ± 0.11%) than the values with 5% or 10% of enzymes alone. Moreover, a boosting effect of the enzymatic activity can be observed in presence of surfactant since a maximum value of 2.63 ± 0.47% DW (after 3 hours) or 2.83 ± 0.42% DW (after 6 hours) of solubilized phenolic compounds can be reached with 10% of enzymes. Thus, the use of a non-ionic surfactant as the Triton X-100 during an enzymatic hydrolysis can constitute an enhancement for the extraction of phlorotannins in Sargassum muticum. With such a success, we decided to explore the potentialities of three different other surfactants commonly used in laboratories. The surfactants SDS, Tween 20 and Tween 80 were compared to Triton X-100 during a 6 hours hydrolysis with a 3% enzyme mix. The concentration of solubilized phlorotannins in the hydrolysate was measured 10 times during the hydrolysis. The results have shown that, at the dose of 0.5% (v/v) of surfactant, only the use of Triton X-100 constitute the significant enhancement for the solubilization of phlorotannins during the hydrolysis and not the other surfactants. In presence of Triton X-100, the final quantity of solubilized phlorotannins increased and the kinetics was accelerated: after only 30 minutes of hydrolysis, the concentration of phlorotannins has reached 1.27 ± 0.23 % DW (vs. 0.7 ± 0.10 % DW for the control without surfactant) (Figure 4 ). 
Solubilization of phenolic compounds
Discussion
The biochemical results concerning the mineral and lipidic contents of Sargassum muticum are located within the observed range in the literature [32] . The value collected for the proteic content is slightly below the values observed in other publications [32] . This observation can be explained by the collecting month (July) since the protein content is lower in summer [33] . The total extraction of phenolic compounds tends to show a more complete quantification of the phlorotannins content than previously indicated in the literature for Sargassum muticum [26] . On the other hand, this quantification with the Folin-Ciocalteu reagent is an interesting indication on the soluble/insoluble ratio. As a comparison, the Finnish authors Koivikko et al [30] concluded their Folin-Ciocalteu assay on Fucus vesiculosus with a ratio soluble/insoluble of 10:1 [30] . The ratio of 2:1 that we obtained with the same protocol can be explained by a great variability between species or by a seasonal variability. Moreover, the difference of physical conditions between the south west Finland and the French Atlantic coast could explain this kind of different repartition between the secondary metabolite (as a defensive cytosolic compound) and the primary metabolite role (as a component of the cell wall) of the phlorotannins. If this ratio was confirmed throughout the year, it would be a supplementary reason to use the enzymatic assisted extraction for recovering the phlorotannins embedded in the cell wall as they constitute 32% of the total phenolic content.
The enzymatic strategy we chose was to use the Ultraflo XL as a mix of cellulase and hemicellulase to destructurate the cellulose fibers matrix to have access to the alginates [23] . The alginate lyase from P. alginovora was then used to solubilize the phlorotannins mainly linked to mannuronic acid regions of the alginates. The endopeptidases Protamex from Novozyme were used as an attempt to solubilize more cell wall bound phlorotannins linked to proteins and to avoid their precipitation once solubilized.
The absence of significative solubilization of phlorotannins (in comparison with the control) using 5% DW of enzymatic mix is not specific to the enzymes used in our study as shown by Hardouin et al [34] . Even with an effective hydrolysis of polysaccharides, the solubilization of phlorotannins using commercial enzymes remains a non-effective process probably explained by the specific arrangement of the matrix and the tannic effect of the phlorotannins, complexing with proteins in the hydrolysate and then lost during the centrifugation. Hardouin et al [34] explained their low values concerning the enzyme assisted extraction of phlorotannins on Sargassum muticum by this precipitation of the protein-phlorotannin complex. A sequencing use of different enzymes could be a solution to help enhancing the solubilization of phlorotannins but also a complexity added to a potential industrial process. The use of surfactant can avoid multiple steps treatment and the formation of phlorotannin-protein complexes. Stern et al [24] showed that the addition of 1 to 3% (v/v) of Triton X-100 in a mix containing proteins and phenolic compounds was sufficient to prevent any precipitation. Our results and the comparison between the control and the use of surfactant alone (Figure 3) showed that this effect is important and cannot be ignored concerning the enzyme assisted extraction of phlorotannins from brown algae. Moreover, we show here that non-ionic surfactant such as Triton X-100 acts in synergy with the enzymes (Figure 2 ) for the degradation of algal polysaccharides. This effect is documented concerning the use of surfactant as an enhancer of enzymatic activity. Eriksson et al [35] showed this enhancement on the enzymatic degradation of lignocellulose and hypothesized that the surfactant prevented unproductive binding of the enzymes on the substrate. Another possibility is that the action of one of the two agents (i.e. surfactant or enzymes) allowed the other one to reach previously hidden cell wall structures thus improving the hydrolysis process. This could even be reciprocally in a way that both surfactants and the enzymes helped each other to further access to deep layers of the cell wall.
Although the addition of 5% of enzymatic mix to the 0.5% (v/v) of surfactant is not significant concerning the solubilized phlorotannins, the content of solubilized sugars shows that a significative enzymatic hydrolysis happens and that the hydrolysis of the algal polysaccharides is clearly affected by the quantity of enzymes added to the buffer (Figure 2) . Moreover, the increased concentration in phlorotannins. (Figure 3 ) tends to show that the use of surfactant increases the sensitivity of the process to the enzyme/ substrate ratio.
The surfactants compared in this work were chosen as the most commonly used protein solubilizing chemicals in laboratories. The comparison we made showed that, at the tested doses, the most effective surfactant for the solubilization of phlorotannins from Sargassum muticum was the Triton X-100, a non-ionic surfactant with a hydrophilic polyethylene oxide chain of 9.5 units in average. But Triton X-100 being not a food-grade surfactant, it would be of a great interest to find at least a biosourced surfactant with the same level of performance.
Conclusion
This work showed that a significant enhancement of enzymatic hydrolysis can be obtained with the use of non-ionic surfactant. Our best results were obtained with Triton X-100. This surfactant, combined to enzymatic hydrolysis, showed a synergistic effect in disrupting cell wall and solubilizing phlorotannins in Sargassum muticum. These results open new perspectives about the biorefinery of underexploited alien seaweeds. Future works or process developments should therefore be oriented on the most effective enzyme/substrate ratio and sequential enzymatic treatments, or the research of high performance biosourced surfactants.
